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CaV3.1 T-type channels are abundant at the cerebellar synapse
between parallel ﬁbers and Purkinje cells where they contribute
to synaptic depolarization. So far, no speciﬁc physiological func-
tion has been attributed to these channels neither as charge car-
riers nor more speciﬁcally as Ca2+ carriers. Here we analyze their
incidence on synaptic plasticity, motor behavior, and cerebellar
motor learning, comparing WT animals and mice where T-type
channel function has been abolished either by gene deletion or
by acute pharmacological blockade. At the cellular level, we show
that CaV3.1 channels are required for long-term potentiation at
parallel ﬁber–Purkinje cell synapses. Moreover, basal simple spike
discharge of the Purkinje cell in KO mice is modiﬁed. Acute or
chronic T-type current blockade results in impaired motor perfor-
mance in particular when a good body balance is required. Be-
cause motor behavior integrates reﬂexes and past memories of
learned behavior, this suggests impaired learning. Indeed, subject-
ing the KO mice to a vestibulo-ocular reﬂex phase reversal test
reveals impaired cerebellum-dependent motor learning. These
data identify a role of low-voltage activated calcium channels in
synaptic plasticity and establish a role for CaV3.1 channels in
cerebellar learning.
Neurotransmission at the parallel ﬁber (PF) and Purkinje cell(PC) synapse plays a pivotal role in cerebellar motor learning
probably involving bidirectional changes of its strength (1–3).
Unlike in the hippocampus, postsynaptic Ca2+ signaling at PF–PC
spines may not be dominated by ionotropic glutamatergic recep-
tors, as postsynaptic N-methyl-D-aspartate receptors (NMDARs)
are not prominently present at this site and AMPA receptors are
predominantly impermeable for calcium ions (4, 5). PCs bear
different voltage-dependent Ca channels including P/Q-type (6–8)
and T-type channels (9, 10). The spines of PCs contain a high
density of CaV3.1 T-type channels (11), which can be readily ac-
tivated by typical bursts of PF activity that occur during sensory
stimulation (12–14). To date, the function of the PF to PC synapse
plays a pivotal role in cerebellar motor learning, probably in-
volving bidirectional changes of its strength (1–3). Unlike in the
hippocampus, T-type channels during PF–PC plasticity induction
and cerebellar learning has not been explored.
In cerebellar PCs, the elevation of Ca2+ in the spine has been
suggested to control directly the sign of the changes in synaptic
weights (15). Long-term depression (LTD) induction requires
conjunctive stimulation of the climbing ﬁbers (CFs) and PFs,
which triggers a large supralinear calcium entry mediated by
mGluR1, inositol triphosphate (IP3) receptors and voltage-gated
calcium channels (16–19). In contrast, long-term potentiation
(LTP) develops after PF stimulation only and requires a moder-
ate [Ca2+]i elevation (15). Here, we evaluated the hypothesis that
CaV3.1 T-type channel activation is essential for LTP and LTP-
dependent motor learning.
We ﬁrst looked at PF–PC plasticity of T-type channel block-
ade/deletion, and then investigated both in vitro and in vivo the
dynamics of PC activity as well as the motor behavior of both
wild-type and CaV3.1 KO mice. Because, in our experiments,
motor behavior appears to be impaired in tests requiring a re-
ﬁned body balance, we have analyzed vestibulo-ocular reﬂex
(VOR) adaptation, a learning paradigm more speciﬁcally de-
pendent on vestibulo-cerebellar function. We show all three
processes to be impaired after T-type channel functional in-
activation. We propose that T-type calcium channels contribute
to the deﬁnition of the learning rules in the cerebellar cortex.
Results
T-Type Channel Blockade Prevents LTP Induction with No Effect on
LTD. We have studied the role of T-type calcium channels in the
induction of LTP by applying a burst of PF stimuli (ﬁve pulses,
200 Hz) every second during 5 min. This protocol increases the
excitatory postsynaptic current (EPSC) charge to 203% ± 15%
of baseline in wild-type (WT) mice (n = 8, P = 0.008, Fig. 1 A and
B). Paired-pulse facilitation (PPF) is not signiﬁcantly altered
after LTP induction (1.60 ± 0.10 vs. 1.75 ± 0.15 before and after
induction protocol, respectively; n = 8, P = 0.50; Table S1), con-
sistent with the postsynaptic expression of this form of potentiation
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(15, 20). In contrast, LTP is completely absent in CaV3.1
−/− mice
(101% ± 8%; n = 7, P = 0.52; Fig. 1 A and B). Acute inactivation
of T-type calcium channels in WT mice by a selective T-type
antagonist (1 μM TTA-P2) (21) also prevents LTP induction
(113% ± 10% of baseline; n = 7, P = 0.21; Fig. 1 A and B). Again,
paired-pulse ratio remains unchanged after LTP induction
(Table S1).
We next investigated the impact of blocking T-type channels
on LTD induction in WT mice. Doublets of PF stimuli (two
pulses, 200 Hz) followed by a 100 ms burst of CF activation (four
pulses, 400 Hz) every second during 5 min reliably induced LTD
in controls (EPSC decreased to 70% ± 4% of baseline; n = 7, P =
0.015), in the presence of 1 μM TTA-P2 (63% ± 5% of baseline;
n = 7, P = 0.015), and in CaV3.1
−/− mice (70% ± 7% of baseline;
n = 7, P = 0.015; Fig. 1 C and D). PPF was not signiﬁcantly al-
tered after LTD, again consistent with its postsynaptic site of
expression (1.83 ± 0.15 vs. 1.78 ± 0.19, before and after in-
duction protocol, respectively; n = 7, P = 0.30; Table S1). We
conclude that T-type calcium channel activation is necessary for
LTP but not LTD induction.
T-Type Channels Participate in the Firing Properties of the PC. The
biophysical properties of low-voltage activated calcium channels
allow them to be activated by subthreshold synaptic inputs and
thus participate in synaptic integration and signaling. Indeed, we
have previously shown that T-type channels are activated by
synaptic activity at the PF–PC synapse (11, 22). Furthermore,
they can contribute to the intrinsic ﬁring behavior of neurons
(23, 24). Here we have looked for their potential participation in
the ﬁring properties of PCs. In acute slices, where spontaneous
excitatory synaptic inputs are severely reduced, we recorded PC
activity (simple spikes) with extracellular electrodes. PCs of
parasagittal slices of the vermis at 32 °C discharged at 36.2 ± 4.2
Hz with an interspike interval coefﬁcient of variation (CVISI)
0.32 ± 0.04, CV2 0.35 ± 0.05, n = 23; these data obtained in the
presence of inhibition are consistent with previously reported
data (25). TTA-P2 application resulted in a slight reduction in
the ﬁring frequency of 10.5% ± 2.2% (n = 16, P < 0.001), with no
change in the CVISI (−1.5% ± 1%, n = 16; P = 0.52) or the CV2
(+2.8% ± 2.8%, n = 13, P = 0.45) (Fig. 2 A–C). To account for
a potential rundown, control values were measured at the same
time points in the absence of TTA-P2; the ﬁring frequency,
CVISI, and CV2 showed no change (0.0% ± 1.5% for frequency,
3.0% ± 3.5% for CVISI, and 0.8% ± 0.7% for CV2; n = 7,
P values > 0.15). Thus, T-type channel blockade only slightly
reduces the simple spike frequency of PCs in vitro. However,
disruption of PF–PC synaptic plasticity can also be associated
with alterations in the regularity of PC spontaneous activity in
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Fig. 1. Activation of T-type calcium channels is necessary to induce PF–PC
LTP but not for LTD. (A and B) T-type calcium channels are required for LTP
induction. (A, Upper) Representative traces from 10 successive sweeps before
and 30 min after induction of LTP. (A, Lower) Time course of normalized
EPSC charge in control (black), in the continuous presence of 1 μM TTA-P2
(blue), and in CaV3.1
−/−mice (red). The LTP induction protocol started at time
0. (B) EPSC charge before and 30 min after LTP induction. Filled symbols
represent individual cells, whereas empty symbols represent means. Black,
red, and blue indicate results from control mice, from CaV3.1
−/− mice, and in
the presence of TTA-P2, respectively, and corresponding n = 8, 7, and 7 in-
dividual experiments for the three sets of mice, each run on a different slice.
Note that data from some cells are superimposed. (C and D) T-type calcium
channels are not required for LTD induction. (C, Upper) Representative traces
from 10 successive sweeps before and 30 min after induction of LTD. (C, Lower)
Time course of normalized EPSC charge in control (black), 1 μM TTA-P2 (blue),
and in CaV3.1
−/− mice (red). The LTD induction protocol started at time 0. (D)
EPSC charge before and 30 min after LTD induction. n = 7 individual experi-
ments from different slices for the three sets of conditions.
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Fig. 2. Effects of T-type calcium channel functional inactivation on the
spontaneous activity of PCs. (A–C) T-type calcium channel blockade slightly
reduces the ﬁring activity of PCs in vitro. (A) Representative traces from
extracellular recordings of a PC before and after application of TTA-P2 in
slices. (B) Normalized mean ﬁring frequency and (C) coefﬁcient of variation
of the ISI in control and in TTA-P2 conditions. Paired experiments run on 16
cells and 13 cells, respectively. *P < 0.05. (D) PC ﬁring is altered in vivo.
Cumulative distribution function and boxplot of the PCs’ ﬁring frequencies
and CVISI (Left and Right, respectively). Boxplots represent minimum, ﬁrst
quartile, median, third quartile, and maximum values of the distribution.
Filled circles represent outliers; the mean value is represented by a plus in
the boxplot. Tests run on 99 and 144 cells recorded in control and CaV3.1 KO
mice, respectively; statistical P values, *P < 0.05, **P < 0.01.
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vivo (1, 26), a situation where synaptic inputs are active and the
temperature is physiological. Thus, we performed in vivo extra-
cellular tetrode recordings of PCs in CaV3.1
−/− and WT anes-
thetized mice (Fig. 2D). In contrast with the data obtained in
slices, in vivo simple spike ﬁring and irregularity were both in-
creased in CaV3.1
−/− mice (37.5 ± 2.0 Hz vs. 31.0 ± 1.1 Hz, P =
0.002; CVISI 0.39 ± 0.02 vs. 0.33 ± 0.02, P = 0.013; CV2 0.42 ±
0.01 vs. 0.37 ± 0.01, P = 0.016, n = 99 cells in 6 CaV3.1
−/− mice
and n = 144 cells in 6 WT mice, pairwise t test). These data in-
dicate that T-type calcium channel function extends beyond reg-
ulating simple changes in intrinsic excitability.
Effects of Genetic and Pharmacological Block of CaV3.1 Function on
Basic Motor Performance and Motor Learning. Deletion of the
CaV3.1 gene did not result in detectable morphological abnor-
malities (27, 28). KO mice did not display abnormal behavior in
conﬁned laboratory conditions: a 55-h activity survey did not
indicate alteration of the global circadian activity (Fig. S1).
Despite the changes in PC activity, CaV3.1
−/− mice did not show
obvious signs of motor performance deﬁcits in the open ﬁeld
test, footprint analysis, or baseline optokinetic and vestibular eye
movement tasks (Fig. S2). However, during more demanding
motor coordination tasks such as walking on a small diameter
elevated beam, performing an upside-down turn in the pole test
or staying on a rotarod, CaV3.1−/− mice showed signiﬁcant motor
deﬁcits. In the elevated beam test, both the time to achieve the
test and the number of limb slips were signiﬁcantly increased in
CaV3.1
−/− mice (P < 0.01, repeated measures ANOVA, in both
cases) (Fig. 3A). In the pole test, time to turn (TT) was signiﬁ-
cantly longer in CaV3.1
−/− mice (39 ± 11 s for CaV3.1
−/− and
22 ± 7 s for WT, P < 0.001), together with a slight but not sig-
niﬁcantly higher fraction of animals that could not perform the
task (Fig. 3B). In the rotarod test, time staying on the rod was
always shorter for CaV3.1
−/− mice, whether the protocol was
done at constant speed or in acceleration (in all three cases, P <
0.001; repeated measures ANOVA) (Fig. 3C).
To address the issue of potential developmental deﬁcits and/or
compensation processes due to chronic absence of CaV3.1, we
also analyzed the effect of acute TTA-P2 applications during the
elevated beam task. TTA-P2, but not PBS, injections induced
signiﬁcant deﬁcits on the elevated beam task in WT mice, whereas
they had no signiﬁcant impact on CaV3.1
−/− mice (Fig. S3). WT
mice treated with TTA-P2 and CaV3.1
−/− mice treated with PBS
showed also a different performance (P = 0.01), in line with the
fact that TTA-P2 also blocks CaV3.2 and CaV3.3 subunits (21).
Cerebellar Learning Is Affected by Manipulation of CaV3.1 Function.
To ﬁnd out whether CaV3.1 in the cerebellum is indeed specif-
ically involved in the motor coordination deﬁcits, we next in-
vestigated adaptation of the VOR. This task is known to be
controlled by the vestibulocerebellum (1, 3). When the mice
were subjected to a short-term gain-decrease paradigm (i.e., in
phase 5° optokinetic and vestibular stimulation at 0.6 Hz during
5 × 10 min training sessions), the gain during VOR in the dark
decreased to 56% ± 4% in WT mice (Fig. 4). This VOR gain-
decrease paradigm was signiﬁcantly impaired by pharmacological
block with TTA-P2 (P = 0.010; repeated measures ANOVA),
but it was not signiﬁcantly affected in CaV3.1 mice (P = 0.95;
repeated measures ANOVA), possibly reﬂecting developmental
compensation (Fig. 4). Instead, when we used the more de-
manding and sensitive, long-term VOR phase-reversal training
paradigm (i.e., 4 consecutive days of in-phase stimulation at 0.6
Hz during which the amplitude of the optokinetic stimulus in-
creased up to 10°, while the vestibular stimulus was maintained
at 5°), both WT mice injected with TTA-P2 and CaV3.1 mice
showed signiﬁcant impairment compared with control data (Fig. 4).
TTA-P2 injections affected phase reversal signiﬁcantly on days 2, 3,
and 4 (P = 0.044, 0.0001, and 0.0001, respectively; repeated
measures ANOVA), and the CaV3.1
−/− mice showed signiﬁcant
deﬁcits on days 3 and 4 (both P < 0.002; repeated measures
ANOVA). After each day of training, mice were placed in the dark
until the next day, when their VOR was recorded again. Consoli-
dation of learning, calculated from the response of the next day,
did not differ between controls, CaV3.1
−/− mice, and mice injected
with TTA-P2 (for all comparisons, P > 0.45; one-way ANOVA)
(for the ﬁrst days of comparison, see Fig. 4).
Discussion
In this study, we reveal a role of the T-type calcium channels in
cerebellar plasticity and learning. Activation of T-type calcium
channels turned out to be necessary for the induction of post-
synaptic LTP but not LTD at PF–PC synapses and to contribute
to the ﬁring properties of the PC. These functions may explain
the deﬁcits observed in demanding cerebellar motor perfor-
mance and motor learning tasks following both genetic and
acute pharmacological inactivation of T-type channels.
CaV3.1 Functional Inactivation Results in Speciﬁc Deﬁcits in PF–PC
Synaptic Plasticity. Even though PC spines are largely devoid of
Ca-permeable AMPA and NMDA receptors (4, 5), calcium
signaling can be locally ensured by release from intracellular
A
B
CFig. 3. Motor behavioral deﬁcit after inactivation
of T-type channels. Coordination was signiﬁcantly
impaired in CaV3.1
−/− mice (A–C) comparison of mo-
tor performance of WT and CaV3.1
−/− mice (black
and red symbols, respectively, and n = 16 and 12).
For details on the individual tests, see Methods. (A)
Motor impairment in the elevated beam test. Mice
were made to walk on a horizontal beam. Time to
perform on a 100-cm-long run was measured as
well as the number of times hindlimbs slipped off
the beam during three trials. CaV3.1
−/− mice take
more time to achieve the test (P < 0.01, repeated
measures ANOVA) (A, Left) and stumbled more
often than WT animals (the rear leg slips off the
bar) (P < 0.01, repeated measures ANOVA) (A,
Right)). Mice performance increased during the
three trials for both the run time and the number
of slips, F(2, 52) > 20, P < 0.001, for both pheno-
types. (B) Motor impairment in the pole test. The
animal was positioned with head up close to the
pole top. It had to turn before going head down the rod to return to its cage. TT measured the delay until the mouse was head down. Mutant animals took
longer time to reach the box (TT = 39 ± 11 s for CaV3.1
−/− and 22 ± 7 s for WT, P < 0.001) (B, Left). There is a slight but nonsigniﬁcant increase of CaV3.1
−/−mice
that could not achieve the task (B, Right). (C) Motor impairment in the rotarod test. The time CaV3.1
−/−mice stayed on the rod with a constant rotation speed
(10 rpm or 20 rpm) or with accelerating speed (from 4 to 40 rpm in 2 min) was signiﬁcantly shorter for CaV3.1
−/− (10 rpm, P < 0 0.001; 20 rpm, P < 0 0.001;
accelerated protocol, P < 0.001; repeated measures ANOVA).
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stores after mGluR1 activation (18, 29–31) after opening of non-
selective cation channels (32–34), the transient receptor potential
channel 3 (TRPC3) possibly being one of those (35). In addition,
high- and low-voltage activated calcium channels are present in
PCs. We have recently shown that T-type calcium channels
contribute to the PF–PC synaptic events, bringing a noticeable
Ca2+ entry into the postsynaptic spine (11, 22). By inactivating
T-type channel function following genetic deletion of the CaV3.1
subunit or acute application of an antagonist, we show here that
they also contribute to the induction of LTP. LTP develops in
response to repetitive stimulation of PF ﬁbers and is known to
depend on postsynaptic calcium signaling, suggesting that T-type
channels provide at least part of the Ca2+ entry necessary for
LTP induction. Noticeably, we have used a physiological con-
centration of divalent ions (see also refs. 36 and 37 for Ca2+ and
Mg2+ concentrations, respectively), thereby limiting the de-
polarization of the spiny branchlets. This stimulus protocol may
be better in line with the sparse PF inputs that probably occur
under more physiological circumstances and may avoid the
spurious P/Q channel activation by strong PF bundle stimulation.
LTD is induced by conjunctive stimulation of PFs and CFs (16,
17, 19) and depends on the activation of mGluR1 receptors and
IP3 receptors. We show that functional inactivation of T-type
channels does not affect LTD. This is consistent with its known
dependency on high postsynaptic calcium levels (15–17, 38) (see
also reviews in refs. 39, 40), presumably resulting from the acti-
vation of P/Q calcium channels after the strong depolarization
ensuing CF activity plus release from internal stores (31, 41).
PC Firing Properties. T-type channels can affect PC ﬁring in two
ways. First, as a depolarizing conductance presenting a non-
negligible window current, they can depolarize the somatic com-
partment and eventually the axon initial segment and thereby in-
crease the spontaneous ﬁring rate (42). Consistent with this, we
show here that T-type channel blockade slightly reduces the
spontaneous ﬁring activity in vitro. The situation, however, is
different in vivo, where synaptic inputs are active and where
temperature is more physiological. Under these conditions, T-
type channels in spines may participate in the determination of
PC ﬁring pattern as part of the synaptic conductance. Indeed, we
have observed an increased and more irregular ﬁring rate in PCs
of CaV3.1 KO mice in vivo, supporting the idea of a key role
played by spine T-type channels under physiological conditions.
However, we cannot exclude a role for CaV3.1 channels in other
cells of the olivo-cerebellar circuit.
Plasticity and Motor Learning. Since the seminal work of Ito (16,
43), learning processes in the cerebellum have been linked to
a reduction in the weight of the PF–PC synapse. In line with this,
blocking LTD has been expected to impair motor learning. In-
deed, LTD is absent in a number of cerebellar mutants dis-
playing motor impairment (44–46). However, this assertion has
been recently questioned (47), and LTP has been proposed as
a key process involved in cerebellar learning (1, 3, 26). Indeed,
one can observe increased cutaneous receptive ﬁelds of PCs after
repetitive stimulation of PFs via peripheral afferents (48). This
view is also supported by our observation of concomitant im-
paired LTP and motor learning, with no alteration of LTD.
The CaV3.1 KO mouse is not ataxic, as can occur, for example,
after alteration of IP3R-mediated Ca2+ release (31, 49) or after
mutations of P/Q-type calcium channels (50–52), both of which
probably affect the PC physiology more severely and/or have
developmental issues. T-type channels play a more subtle role in
the control of motor coordination. Deletion of T-type channels
impairs demanding motor behaviors, such as staying on a small-
diameter rotarod, walking on a thin elevated beam, or turning at
the top of a pole, all of which involve a cerebellar component.
Moreover, after inactivation of T-type channels, VOR learning
is impaired but not fully abolished, as seen after protein phos-
phatase 2B (PP2B) deletion (1, 47, 53). The reason why L7-PP2B
mutant mice have a more severe phenotype than CaV3.1 KO may
eventually be linked to the additional role of PP2B in intrinsic
plasticity (1). Disruption of overall gain reset by intrinsic plas-
ticity impairment in L7-PP2B mice may deteriorate basal cere-
bellar function (3). Our data also indicate that the observed
motor learning phenotype does not arise from broad defects in
motor function. Indeed, basal vestibular and optokinetic reﬂexes
remain normal. In addition, mice behave in a similar way during
the open ﬁeld test and have the same nycthemeral activity during
a 55-h survey. Finally, even though other subunits (CaV3.2 and
CaV3.3) also form T-type channels, CaV3.1 genetic inactivation
largely reproduces the cerebellar phenotype observed upon acute
application of TTA-P2. This similarity suggests that compensatory
effects by iso-proteins are limited in our CaV3.1 mutant mice.
Thus, our data support the idea of an essential role of CaV3.1 in
cerebellar motor learning. Whether this is due exclusively to the
absence of CaV3.1 channels in PCs or to effects distributed over
the olivocerebellar circuit will need further investigation.
In conclusion, our data indicate that CaV3.1 T-type channels
contribute to LTP at the PF to PC synapse and thereby to related
changes in ﬁring rate dynamics and performance in demanding
cerebellar learning tasks. This reveals a speciﬁc role of post-
synaptic voltage-dependent T-type calcium channel in the
induction of plasticity and learning. We propose that the re-
cruitment modalities of CaV3.1 T-type channels as well as
their modulation contribute to the deﬁnition of speciﬁc syn-
aptic plasticity rules in the cerebellar cortex, highlighting their
impact on learning.
Methods
All electrophysiological and behavioral experiments were conducted in com-
pliance with French and European laws and policies. Mouse eye movement
Fig. 4. Cerebellar learning is affected by manipulation of CaV3.1 function.
Short- (A) and long-term adaptation (B) of the VOR gain was induced by
mismatched vestibular and visual stimulation. (A) Five 10-min sessions of in-
phase drum and table stimulation resulted in a decrease of VOR gain to 56%
± 4% of baseline value (n = 8). A similar decrease was seen in CaV3.1 KO mice
(59% ± 3%, n = 12, P = 0.95 for the curve, repeated measures ANOVA), but
not in mice injected with TTA-P2 (67% ± 7%, n = 7, P = 0.010 for the curve,
repeated measures ANOVA). Consolidation of VOR gain decrease was found
not to be different between groups (P = 0.75, one-way ANOVA). (B) Next,
mice were subjected to 3 additional days with increasing amplitude of visual
stimulation during the training sessions, aimed at reversing VOR phase. This
highly demanding task revealed signiﬁcant deﬁcits in cerebellar learning in
CaV3.1 KO mice (days 3 and 4, P < 0.002, repeated measures ANOVA) and in
mice injected with TTA-P2 (day 2, P = 0.044; days 3 and 4, P < 0.0001, re-
peated measures ANOVA).
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experiments were performed in accordance with The Dutch Ethical Committee
(DEC) for animal experiments.
Animals.Mice lacking the cacna1g gene (encoding CaV3.1) were produced as
previously described (28).
T-Type Channel Antagonist, TTA-P2. TTA-P2 [(3,5-dichloro-N-[1-(2,2-dimethyl-
tetrahydro-pyran-4-ylmethyl)-4-ﬂuoropiperidin-4-ylmethyl]-benzamide), Merck,
com-pound (S)-5] (21) was made up as a 10 mM stock solution in dimethyl
sulfoxide (DMSO); aliquots were kept at –20 °C and diluted for use as in-
dicated at 1 μM concentrations known to block T-type calcium channels
(21, 23).
LTP/LTD Experimental Protocols. Transverse cerebellar slices (300 μm thick)
of 45–75-d-old C57BL/6 mice were prepared with 50 μM (2R)-amino-5-
phosphonovaleric acid (D-APV) (Abcam) added to the slicing solution to
protect the tissue. Slices were visualized using a 40× water-immersion ob-
jective and infrared optics. The recording chamber was continuously per-
fused at a rate of 3 mL/min with a solution containing (mM) 125 NaCl, 2.5
KCl, 1.5 CaCl2, 1.8 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 25 glucose, and 10 tri-
cine, a Zn2+ ion buffer (54, 55), and 20 μM bicuculline methochloride (Tocris)
bubbled with 95% (vol/vol) O2/5% CO2 (pH 7.4).
Patch pipettes had 2.0–4.0 MΩ resistances with an internal solution that
contained (in mM) 120 KGluconate, 0.5 K3Citrate, 0.5 L(–)Malic acid, 0.008
Oxaloacetic acid, 0.18 α-Ketoglutaric acid, 0.2 Pyridoxal 5′-phosphate,
5 L-Alanine, 0.15 Pyruvic acid, 15 L- Glutamine, 4 L-Asparagine, 1 L-Glutathione
reduced, 0.5 NAD+, 5 Phosphocreatine K2, 10 Hepes, 0.1 K3EGTA, 4 KCl, 2.2
K2Phosphate, 3.5 NaAcetate, 0.05 CaCl2, 2.1 Mg-ATP, 0.4 Na-GTP, 1.4 Na-
ATP, pH adjusted to 7.3 with KOH. Unless otherwise stated, cells were
voltage-clamped at −70 mV in the whole-cell conﬁguration. Series resistance
was held between 4 and 10 MΩ and compensated with settings of 90% in an
Axopatch 700B ampliﬁer. Whole-cell recordings were ﬁltered at 2 kHz and
digitized at 10 kHz. Long-term potentiation was induced by stimulating the
PF beam with ﬁve pulses at 200 Hz every second for 5 min. Long-term de-
pression was induced by stimulating PFs (two pulses at 200 Hz) followed by
CF stimulation (four pulses at 400 Hz) 100 ms later every second for 5 min.
During LTP induction, PCs were held in current clamp at −70 mV. LTP and
LTD were quantiﬁed as the ratio between EPSC charge after induction
(mean of 15 sweeps between 30 and 35 min after induction) and control
EPSC charge (mean of 15 sweeps immediately before induction). Experi-
ments were performed at 32 °C. To evoke PF EPSCs, a 8–12 μm tip diameter
glass pipette ﬁlled with Hepes-buffered saline was positioned on the mo-
lecular layer surface to stimulate PFs at 100–500 μm from the recorded PC.
Images were taken every 5 min, and experiments showing signiﬁcant slice
movement were discarded. Stimulation intensity was ﬁxed at the beginning
of the experiment between 1 and 15 V for 50–200 μs. At 0.05 Hz, pairs of test
pulses at an interval of 50 ms were applied, enabling the paired-pulse ratio
to be monitored. Recordings were made in lobules 3–8 of the vermis cortex.
To stimulate CF during LTD induction, a glass pipette ﬁlled with Hepes-
buffered saline was positioned on the granular layer in the vicinity of the
recorded PC. Stimulation intensity was ﬁxed between 1 and 15 V for a du-
ration between 50 and 200 μs. PClamp 10.3 software (Molecular Dynamics)
was used for data acquisition, and analysis was done with in-house software
(Python). Data were statistically analyzed using Mann–Whitney U test.
Extracellular Recordings. Parasagittal cerebellar slices (300 μm thick) of at
least 2-mo-old C57BL/6 mice were prepared as above. The recording cham-
ber was continuously perfused at a rate of 3 mL/min with a solution con-
taining (mM) 125 NaCl, 3.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3,
25 glucose bubbled with 95% O2/5% CO2 (pH 7.4). No GABAA antagonists
were added to the bath solution. Recording pipettes had 3.0–4.0 MΩ resis-
tances with an internal solution that contained (in mM) 141 NaCl, 2.5 KCl,
1.25 NaH2PO4, 10 Hepes, 2 CaCl2, 1 MgCl2 with pH adjusted at 7.4 (NaOH).
Firing pattern was characterized by both CVISI and CV2. CV2 was measured
with CV2 = 2 jISIn+1 – ISInj/(ISIn+1 + ISIn). Data were statistically analyzed using
two-sided Mann–Whitney U test.
In Vivo Electrophysiology. The surgery was carried out as described in refs. 56,
57 on male C57BL/6 mice using urethane for animal anesthesia. The skull was
opened at −6.72 AP (anteroposterior) and 0 ML (mediolateral), or −6.36 AP
and 1.5 ML stereotaxic coordinates and meninges were removed to insert
the electrodes. Simultaneous multiple single-unit recordings from the PC
layer (as determined by the presence of complex spikes) were obtained using
commercial tetrodes (Thomas Recording, tungsten electrodes in a quartz
matrix) at 0.5 to ∼3.5 mm depth in the vermis. Wire tips were gold-plated
(gold solution, Sifco) to reduce their impedance (200–300 kΩ). The tetrode
was advanced in small increments of 10–50 μm. Cerebellar cortex layers
could be discriminated: the PC layer displayed an intense cellular activity and
distinctive complex spikes, whereas in the proximal molecular layer complex
spikes appeared as 1–3 ms monophasic waves.
To isolate spikes, continuous wide-band extracellular recordings were ﬁrst
ﬁltered off-line with a two-pole Butterworth 500 Hz high-pass ﬁlter. Spikes
were extracted by thresholding the ﬁltered trace and themain parameters of
their waveform extracted (width and amplitude on the four channels). The
data were hand clustered by polygon-cutting in 2-dimensional projections of
the parameter space using Xclust (M. Wilson, Massachusetts Institute of
Technology, Cambridge, MA). The quality of clustering was evaluated by
inspecting the autocorrelograms of the units. The stationarity of unit activity
was monitored by calculating the average rate each second over the re-
cording period. Further analysis was performed with GNU R (58). Data were
statistically analyzed using pairwise t test.
Behavioral Analysis. After a 2 wk adaptation, characteristics of global loco-
motor activity were ﬁrst assessed by direct observation of the animals’ ex-
ploration in an activity chamber (45 × 45 × 30 cm) during 10 min using
ANYmaze video-tracking system (Stoelting).
To analyze footprints, mice were allowed to walk on a 0.5-m-long band of
blotting paper after their paws had been colored with distinct color inks for
anterior and posterior paws.
The rotarod (L2 8200, Bioseb) was adapted for mice. It had a central
rod of 3 cm diameter, and the 5-cm-wide running belts were separated
by 15-cm-diameter circular partitions. Time to fall was measured with
different accelerations.
The rod (9 mm diameter) used for the walk on an elevated beam rested at
one end on a platform giving access to the animal cage. For a trial this
platform was positioned successively at 5, 15, and 50 cm, and ﬁnally time to
perform a 100 cm run was measured as well as the number of times any limb
slipped (three trials).
In the pole test (59), a vertical rod (8 mm diameter and 50 cm long,
covered with tape) was placed in the animal cage. The animal was posi-
tioned with the head up close to the pole top and had to turn before going
head down the rod to return to its cage. TT—to be head down—and total
time (TT + descent time)—to be back to cage—were measured. If a mouse
did not turn around and went down head up, the same duration was at-
tributed to the TT and descent time. Maximum duration was ﬁxed at 120 s
(ﬁve trials in a day at 5-min intervals). Data were statistically analyzed using
a repeated-measures ANOVA followed by Tukey post hoc comparisons to
determine signiﬁcance levels, unless otherwise stated.
Eye-Movement Recordings. Mice were prepared for multiple days of awake,
head-restrained recordings of compensatory eye movements (51). Brieﬂy,
under general anesthesia with isoﬂurane (∼1.5% and O2), a pedestal was
ﬁxed to the frontal and parietal parts of the skull. The pedestal consisted of
a U-shaped holder (6 × 4 mm at base) with a magnet (4 × 4 × 2 mm) and
a screw hole. After an at least 3 d recovery, mice were connected to a bar
(equipped with a similar magnet); the connection was ﬁxed with a screw,
and the body of the mouse was restrained in a custommade plastic tube. The
immobilized mouse was ﬁxed onto a turntable (diameter 60 cm), sur-
rounded by a cylindrical screen (diameter 63 cm) with a random-dotted
pattern. Two table-ﬁxed infrared emitters (maximum output, 1 W; disper-
sion angle, 7°; peak wavelength, 880 nm) illuminated the eye during the
recording, and a third emitter was connected to the camera and aligned
horizontally with the camera’s optical axis, to produce the corneal reﬂection
(CR). Optokinetic and vestibulo-ocular reﬂexes (in light and dark) were eli-
cited by rotating the screen and turntable, respectively, at different fre-
quencies (AC servo-motors, Harmonic Drive AG). Table and drum positions
were recorded by potentiometers, and the signal was digitized (CED Lim-
ited) and stored for off-line analysis. Eye movements, relative to the CR,
were recorded at 240 Hz using eye-tracking software (ETL-200, ISCAN sys-
tems). Calibrations were performed as described previously (51). Gain and
phase values of the eye movements were calculated using a custommade
Matlab routine (MathWorks Inc.). Brieﬂy, the eye and stimulus traces were
differentiated, low-pass ﬁltered (to remove fast phases), averaged over the
recorded cycles, and ﬁtted. Gains were calculated as the amplitude of
the ﬁtted eye velocity signal, divided by stimulus velocity, and phase as the
temporal difference between ﬁts in degrees. Consolidation percentage was
calculated as 100*(td2max–t0)/(td1min–t0), where t0 stands for value at the
start of day 1, td1min for lowest value during 50 min training on day 1, and
td2 as the highest value on day 2. Consolidation data were statistically an-
alyzed using one-way ANOVA, all other data using a repeated-measures
20306 | www.pnas.org/cgi/doi/10.1073/pnas.1311686110 Ly et al.
ANOVA, both followed by Tukey post hoc comparisons to determine
signiﬁcance levels.
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